Physical properties in hole-doped SrFe2_xCu3;As2 single crystals 
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We report the structural, magnetic and electronic transport properties of SrFe2-a;Cui,As2 single 
crystals grown by self-flux technique. SrCu2As2 and SrFe2As2 both crystallize in ThCr2Si2-type 
(122-type) structure at room temperature, but exhibit distinct magnetic and electronic transport 
properties. The x-ray photoelectron spectroscopy(XPS) Cu-2p core line position, resistivity, sus- 
ceptibility and positive Hall coefficient indicate that SrCu2As2 is an sp-band metal with Cu in the 
Sd^" electronic configuration corresponding to the valence state Cu^+. The almost unchanged Cu-2p 
core line position in SrFe2-a,Cuj;As2 compared with SrCu2As2 indicates that partial Cu substitu- 
tions for Fe in SrFe2As2 may result in hole doping rather than the expected electron doping. No 
superconductivity is induced by Cu substitution on Fe sites, even though the structural/spin density 
wave(SDW) transition is gradually suppressed with increasing Cu doping. 

PACS numbers: 74.70.Xa; 74.25. F-; 74.62.Dh 
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I. INTRODUCTION 

Exploration of new high-temperature superconductors 
and research on their superconducting mechanism have 
always been the highlight in condensed matter physics. 
Especially the discovery of a second class of high- 
temperature superconductors - iron-based superconduc- 
tors, has reignited the boom of the high-temperature su- 
perconductivity research. There are five types of iron- 
based superconductors: 1111 with ZrCuSiAs-type struc- 
ture, 122 with ThCr2Si2-type structure. 111 with Fe2 As- 
type structure, 11 with anti-PbO-type structure, and a 
newly discovered Ka;Fe2-j,Se2 with Fe vacancy which is 
called 122* structure. Among these materials, compound 
with 122 structure has gained much attention because of 
the high superconducting temperature and easiness to 
obtain large high quality single crystals. 

In the 122-type compound BaFe2As2, superconductiv- 
ity can be induced by applying pressure [iHSj, and by sub- 
stitutions at the Ba site (by K)[l], at the Fe site (by 
Co Ni, Ru, Rh, and Pd)% and at the As site (by 
P)[3|- It has been revealed that partial Co, Ni, Rh and 
Pd substitutions at the Fe site in BaFe2As2 could induce 
superconductivity[8'-^Tl'] with Tc up to 25 K whereas no 
superconductivity is induced by Mn [l^ - [T^ or Cr [Tsl, [T6| 
substitutions. As we know, the formal valence states of 
the atoms in BaFe2As2 are assigned as Ba^"*", Fe^"*" and 
As^~, so the Fe atoms are formally in the 3cf electronic 
configuration. So it means that while electron doping 
at the Fe sites by Co, Ni with more 3d electrons in- 
duces superconductivity, hole doping by Cr, Mn with 
less 3d electrons does not. From this point of view, 
divalent copper Cu^^ with three more d-electrons than 
Fe should be a strong electron dopant for iron arsenide 



superconductors. However, even though the Cu doping 
successfully suppresses_the structural/SDW transition of 
the parent compound [l^, superconductivity was not ob- 
served in the Cu-doped BaFe2As2. It is a very strange 
phenomenon that doping Cu into iron-based supercon- 
ductors shows a completely different character from that 
of doping with Co and Ni. Electronic structure calcula- 
tions for SrCu2As2 and BaCu2As2 by Singh [Tsj predicted 
that these compounds might be sp-band metals with the 
Cu atoms having a formal valence state of Cu^"'' and a 
nonmagnetic and chemically inert 3d}^ electronic config- 
uration. Therefore, we speculate that the distinct valence 
state of Cu ions may be the main reason for the differ- 
ent behavior compared with other transition metal doped 
condition. 

To obtain insights into the nature of the puzzling prop- 
erties of Cu-doped iron-based materials, we have synthe- 
sized a series of SrFe2-a;Cua;As2 single crystals and inves- 
tigated their valence state of copper ions by XPS mea- 
surement, and their structural, magnetic and electronic 
transport properties. 



II. MATERIALS AND METHODS 

A series of SrFe2-a;Cua;As2 single crystals, from 
SrFe2As2 (x=0) to SrCu2As2 (x=2.0) were grown by self- 
flux technique using high purity Sr, Cu, Fe and As. Pre- 
reacted CuAs and FeAs were used as flux. For the growth 
of SrFe2-2;Cua;As2, the Sr and FeAs, CuAs flux with a 
molar ratio of l:2.5(2-x):2.5x were placed into alumina 
crucibles and sealed inside evacuated quartz tubes. The 
crystal growth was carried out by heating the samples to 
1150 °C, holding there for 24 h and then cooling to 850 
°C at a rate of 2 °C/h. The sizes of the obtained single 
crystals for 0< x < 1.0 were typically 5 x 3 x 0.15 mm'^, 
while that for 1.0 < x < 2.0 were typically 2.5 x 2 x 0.15 
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The samples were characterized by x-ray diffraction 
(XRD) using Rigaku D/max-A x-ray diffractometer with 
Cu Kq, radiation in the range of 10°-70° with the step of 
0.01° at room temperature. The actual Cu and Fe con- 
centration of the single crystals were determined from 
energy-dispersive x-ray (EDX) analysis. The Cu content 
X used in this article is the actual composition deter- 
mined by EDX. The valence state of Cu is determined by 
x-ray photoelectron spectroscopy (XPS). The resistivity 
was measured using the standard four-probe method by 
Quantum Design Physical Property Measurement Sys- 
tem (PPMS). Hall resistivity data were collected using 
the ac transport option of a quantum design physical 
property measurement system in a four-wire geometry 
with switching the polarity of the magnetic field H || c to 
remove any magnetoresistive components due to the mis- 
alignment of the voltage contacts. Magnetic susceptibil- 
ity was measured using Vibrating Sample Magnetometer 
(VSM). 



III. RESULTS AND DISCUSSION 

Figure 1(a) shows the single crystal XRD patterns for 
all the SrFe2-£!;Cua;As2 single crystals, and only (001) 
diffraction peaks are observed, indicating that the sin- 
gle crystals are in perfect (001) orientation. Fig. 1(b) 
shows the evolution of the lattice parameters of a- and 
c-axis as a function of Cu doping content. The lattice 
parameter of c-axes is obtained from the (001) diffraction 
peaks, while that of a-axes is obtained by powder XRD. 
With increasing Cu doping content, the lattice param- 
eter of a-axes increases monotonically, while that of c- 
axes decreases monotonically. The unit cell volume V = 
a^c firstly increases with increasing Cu content, reaches 
a maximum at about x~1.0, and then decreases with 
further increasing Cu content. Obviously, the evolution 
of V for SrFe2_a;Cua;As2 shows a qualitative deviation 
from Vegard's law, which shows a linear decrease with 
Cu content. Ni et aZ.[l3| reported the lattice parameters 
a and c and the unit cell volume V of Ba(Fei_2;Cu2;)2As2 
versus x up to x=0.35, which shows a similar evolu- 
tion of V to SrFe2-2;Cuj;As2. Singhfisj gave theoreti- 
cal prediction that Cu in BaCu2As2 and SrCu2As2 has 
a fully occupied stable d}^ shell at high binding energy, 
which means that the valence state of Cu in these com- 
pounds is -1-1. While in SrFe2As2, the valence state of 
Fe is 4-2. Therefore, we conclude that the anomalous 
behavior of V of SrFe2_a:Cua;As2 may indicate interest- 
ing changes of valence state in the Cu/Fe sites. In order 
to confirm it, we performed XPS measurement on sev- 
eral samples, and the results are shown in Fig. 2. As 
shown in Fig. 2, the Cu2pi/2 and Cu2p3/2 binding en- 
ergy maxima for Cu metal are about 951.9 eV and 932.0 
eV, and the linewidths are very narrow. The lines in 
SrFe2-a;Cua;As2 single crystals are a little broader than 
that in Cu metal, and have positions nearly the same as 
that in Cu metal, which is the condition of CU2O as re- 



ported previously [13]. While for CuO, the lines for diva- 
lent copper are distinctly different. Compared with that 
of Cu metal, the lines in CuO shift to higher binding ener- 
gies, the linewidth is broader with a factor of 2, and also 
the satellite is very intense. Considering these distinct 
differences, the valence of Cu ions in SrFe2-a;Cua;As2 sin- 
gle crystals is monovalent, regardless of doping level. 
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FIG. 1: (Color online) (a): Single crystal x-ray diffraction pat- 
terns at room temperature for SrFe2-a;Cui As2 single crystals 
(x is the actual composition covering from to 2.0.) . Only 
(001) diffraction peaks are observed, indicating that the c axis 
is perpendicular to the plane of the single crystal, (b): Lat- 
tice parameters of a- and c-axis as a function of x. The lattice 
parameters of a- and c-axis were obtained by combining sin- 
gle crystal XRD and powder XRD patterns. The data for 
x=1.5 are collected from polycrystal. (c): The unit cell vol- 
ume y as a function of x for SrFe2-i:Cua;As2 single crystals. 
The green dashed line represent Vegard's law for this series 
of compounds. 

The temperature dependence of in-plane electrical re- 
sistivity for SrFe2-a;Cua;As2 single crystals are shown 
in Fig. 3. As shown in Fig. 3(a), the resistivity ex- 
hibits obvious anomaly at the temperature from 196 K 
for SrFe2As2 to 71 K for the samples slightly doped 
with Cu, which is associated with structural/SDW tran- 
sition reported previouslv[20|. The temperature of struc- 
tural/SDW transition, Tsdw, decreases with increasing 
Cu doping, and disappears when x > 0.25. The anomaly 
due to the structural/SDW transition becomes more pro- 
nounced with doping, which is similar to that of Mn or Cr 
doped BaFe2As2@,[lJ]; ^^'^ strong contrast with Co or 
Ni doped BaFe2As2[a]. Fig. 3(b) shows the temperature 
dependence of resistivity for 0.37 < x < 1.2 samples. The 
value of resistivity decreases quickly with increasing Cu 
doping, and the behavior of resistivity evolves from semi- 
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FIG. 2: (Color online) XPS Cu - 2p spectra of Cu metal 
(where Cu is nominally in a Cu"^ state), CuO (where Cu 
is in a Cu^"*" state) and SrFe2-xCua:As2 single crystals with 
x—0.12, 0.6, 1.0, 2.0 after background subtraction. The two 
dashed lines correspond to the binding energies of Cu - 2pi/2 
and Cu - 2p3/2 in Cu metal. 



conducting to metallic-like and no anomaly is observed 
due to the structural or magnetic transition. For the 
samples x=0.37, 0.6, 0.7, the temperature dependence of 
resistivity shows semiconducting behavior in the whole 
temperature range. While for x=1.0, the resistivity ex- 
hibits metallic behavior above 190 K, and then turns into 
semiconducting behavior. For x=1.2, the resistivity is 
0.19 mTl cm at 300 K, which is one order of magnitude 
larger than that of SrCu2As2. The resistivity decreases 
with cooling, reaches a minimum at around 20 K, and 
then turns upward. The resistivity of SrCu2As2 as a 
function of temperature is presented in Fig. 3(c), which 
is similar to the results reported previously [21]. The tem- 
perature coefficient of p{ T) is positive, indicating metal- 
lic character. The values of residual resistivity po a-nd 
residual resistivity ratio(RRR) are 4.2 ^Q. cm and 6.4, 
respectively, indicating good quality of SrCu2As2 single 
crystals. The clear evolution of the resistivity behavior 
and phase transition are shown in Figs. 3(d) and 3(e). 

Figure 4 presents the zero-field-cooled (ZFC) or field- 
cooled(FC) magnetic susceptibility x for a-H the single 
crystals as a function of temperature from 2 K to 300 
K in an applied magnetic field H—5.0 T aligned in the 
ab plane. Fig. 4(a) presents the typical behavior of one 
SrFe2As2 single crystal before and after an annealing at 
300° C for 5 hours. The temperature dependence of x ex- 
hibits an unusual behavior for the as-grown SrFe2As2, 
and changes to a universal behavior after annealing, 
which is consistent with the previous report [l^. These 
phenomena are supposed to be related to the presence 
of lattice distortion in SrFe2As2[23. For samples with 
< x < 0.25 as shown in Figs. 4(a) and 4(b), struc- 
tural/SDW transition is obviously observed and marked 



FIG. 3: (Color online) (a)-(c):Temperature dependence of in- 
plane electrical resistivity for SrFe2-a;Cu2,As2 single crystals, 
(d) and (e): Temperature dependence of the normalized re- 
sistivity to 300 K. 
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FIG. 4: (Color online) Temperature dependence of magnetic 
susceptibility for SrFe2-2iCu2,As2 (0 < x < 2.0) under mag- 
netic field of 5T. The SDW transition temperature Tsdw is 
shown by green arrows. The orange arrow shows the spin 
glass-like transition. 



by green arrows, corresponding to the anomaly observed 
in the resistivity shown in Figs. 3(a) and 3(d). The x{T) 
of samples with 0.37 < x < 1.2 show paramagnetic be- 
havior in the whole temperature range, and no obvious 
magnetic transition was observed down to 2 K. The mag- 
nitude of X decreases with increasing Cu doping as shown 
in Fig. 4(c). Below 20 K, a small separation between FC 
and ZFC curves for the crystal with x=0.7 is observed, 
indicating glass-like behavior. The x of SrCu2As2 in Fig. 
4(d) has a negative sign above 20 K, which is a typical 
behavior for nonmagnetic metal and in consistent with 
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the previous report [2lj 
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FIG. 5: (Color online)(a): The derivatives of x(T) and p(T) 
as a function of temperature for x=0.04 sample. The distinct 
peaks indexed by arrows in dx(T) /dT and Ap(T)/dT curves 
are used to determine the temperature of structural/SDW 
transition, (b): Evolution of Tsdw with Cu doping. 

Figure 5(a) shows the typical derivatives of x(T) and 
p[T) to figure out the transition temperature Tsdw of 
structural/SDW transition. Only one obvious peak is ob- 
served in both derivative curves oix(T) and p(T), corre- 
sponding to the temperature of phase transition. Ts dw 
determined from derivatives of xC^) ^-^d p(T) are highly 
consistent with each other, as shown in Fig. 5(b). With 
increasing Cu doping, Tsdw decreases quickly from 196 
K for x=0 to 71 K for x=0.25, which is similar to that of 
Ba(Fei_xCu2;)2As2[17], except that no superconductivity 
was observed in SrFe2_xCuxAs2 for any doping content. 

To further understand the conducting carriers in the 
Cu-doped SrFe2As2 samples, the Hall coefficient (i?//) 
measurements were carried out on the single crystals, 
and the obtained results are shown in Fig. 6. In Figs. 
6(a) and 6(b), distinct structural/SDW transition can be 
observed for samples < x < 0.18, consistent with the 
resistivity and susceptibility. The Hall coefficient is neg- 
ative indicating electron-type carriers dominate, and the 
absolute value decreases with Cu doping content. For 
0.25 < X < 1.2, the Hall coefficients Rh are also negative 
in the whole temperature range, indicating that the dom- 
inated carrier is electron-type. The absolute value of Hall 
coefficients for x=0.25 and 0.37 are smaller than that of 
samples with lower Cu doping content. It increases with 
cooling, reach minima at around 40 K, and then weakly 
decline at low temperature. For x=0.25, no phase transi- 
tion is observed around the temperature corresponding to 
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FIG. 6: (Color online) Temperature dependence of Hall coef- 
ficients Rh for SrFe2-a;CuiAs2 samples. 



structural/SDW transition, probably because its phase 
transition is too weak. A weak temperature dependence 
of Hall coefficient is observed in the whole temperature 
region for samples x=0.6, 0.7 and 1.2. The absolute val- 
ues of Rh for these three samples are very small with the 
same order of magnitude of 10^^° m'^/C, and decreases 
with further increasing Cu doping. As shown in Fig. 
6(d), it is clear that the Hall coefficient of SrCu2As2 is 
positive in the whole temperature range, which suggests 
that the hole- type carriers dominate. The value of R^ 
is 7 X 10^^° XT? jC at 300 K, which is remarkably small, 
indicating a relatively high density of charge carriers es- 
timated to be of the order of 10^^ cm~'^. The magni- 
tude and temperature dependence of Hall coefficient for 
SrCu2As2 is similar to the reports by Qin et al.jl^l- In 
conclusion, with the gradual increase of Cu doping, the 
Hall coefficient changes from negative to positive, and 
its absolute value changes gradually. These results indi- 
cate that the carrier changes from electron-type to hole- 
type, and the concentration of carrier changes simultane- 
ously with Cu content. Combining with XPS results, it 
strongly suggests that partial Cu substitutions for Fe in 
SrFe2As2 may result in hole doping rather than the ex- 
pected electron doping. This is probably the reason that 
Cu substitutions in iron-based materials can not induce 
superconductivity. 

To our knowledge, the valence state of Cu found in 
the previously reported pnictide oxides is always -1-1, be- 
cause the anionic environment of the pnictide oxides is in 
general not sufficiently electronegative to oxidize Cu to 
-f2. Even in the LaNi02-type [M'02] layer of oxysulfides 
Sr2[M'i_^Cu2+^02][Cui+2S2] (M' = Sc, Cr, Mn, Fe, Co, 
Ni, Zn), which are expected to have more electronegative 
anionic environment than the pnictide oxides, the max- 
imum Cu^"*" content for the single-phase sample was x 
< 1 I251. 1261 . This also indicates that the accommoda- 
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tion of Cu^"*" in the weakly electronegative anionic envi- 
ronment of suboxides such as pnictide oxides and oxy- 
chalcogenides is difficult in contrast to its accommoda- 
tion in the more electronegative anionic environment of 
oxides[27]. Therefore, the valence state of Cu prefers -fl 
in the iron-based pnictide with more weakly electronega- 
tive anionic environment, such as in EuCuPn(Pn = P, As, 
Sb)[23, BaCuAs, CaCuAs, SrCujAsz, SrCusSba, and 
BaCuzSballll. 

IV. CONCLUSION 

In summary, XPS Cu-2p spectra, deviation of V from 
Vegard's law, diamagnetic susceptibility, and positive 
Hall coefhcient indicate that the valence state of Cu in 
SrCu2As2 is -t-1 with a fully occupied 3d shell. The struc- 



tural/SDW transition is suppressed with increasing Cu 
doping content for x < 0.25, and disappears when Cu 
doping content x is higher than 0.25. Superconductiv- 
ity can not be induced over the whole doping range. 
The nearly same Cu-2p core line position as that in 
SrCu2As2 for all crystals and the evolution of Hall co- 
efficients strongly suggest that partial Cu substitutions 
for Fe in SrFe2As2 may result in hole doping rather than 
the expected electron doping, which is the possible rea- 
son for that Cu doping cannot induce superconductivity 
in the SrFe2_2;Cua;As2. 
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